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NOVEL GROWTH FACTOR OPAl AND USES THEREOF 



Related Application 
This application is a continuation-in-part of co-pending U.S. 
5 Application No. 09/294,764, filed April 19, 1999, the contents of which are 
expressly incorporated by reference herein. 



Background of the Invention 
Regeneration is a hallmark of the peripheral nervous system (PNS). 
This implies that following mechanical transection, regenerating PNS axons are 

10 capable of both finding their original target tissues and re-establishing functional 
synapses with a high degree of fidelity. In addition, the Schwann cells that were 
present before injury elaborate new myelin sheaths around the regenerated axons. 
The similarities between the developing and regenerating nerve, such as axon 
outgrowth and myelination, have led to the generally accepted view that 

15 regeneration recapitulates development. At some levels, this statement appears to 
be true: axons find their targets and glial cells recognize their cognate axons and 
regenerate their myelin organelles. However, in development, the axons serve as a 
template to guide Schwann cell migration, whereas in the regenerating nerve, 
axons migrate into a milieu in which the Schwann cells are pre-existing in situ. 

20 Moreover, the molecular events in the Schwann cell are different in the 
regenerating nerve as compared to the developing nerve. 

Developmentally, peripheral axons reach their targets before most 
Schwann cells, the glia of the PNS, are born (Webster, 1984). Schwann cell 
progenitors proliferate and migrate along the axons, dividing the axon bundles into 

25 progressively smaller units, pinching off single axons, and establishing the Schwann 
cell-axon unit that is characteristic of the mature, myelinated nerve. However, 
following compression injury, peripheral nerves undergo a stereotyped pattern of 
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Wallerian degeneration, characterized by myelin decompaction and 
autophagocj^osis of the myelin debris, recruitment of cells of the 
monoqrte/macrophage lineage and axonal die-back (reviewed in detail in Griffin et 
al, 1996). During the process of degeneration, the basal lamina, which had 
5 formally covered ±e myelinating Schwann cell/axon unit, is spared, ±us leaving 
intact "endotubes" formed by the residual basal lamina and the associated Schwann 
cells which remain viable after axonal die-back. These endotubes form channels 
into which the regenerated axons will grow. Hence, in the regenerating nerve, 
axons extend toward their targets in the milieu of both the Schwann cell and the 

10 basal lamina, which is distinct from the milieu of ±e developing nervous system. 

Following nerve injury, axons respond within hours by extending 
multiple new sprouts from the distal end of the proximal stump (Bray et al, 1972). 
One of these sprouts maneuvers into the pre-existing endotube, which will then 
grow toward the target, while the others are pruned away (Aguayo et al, 1973; 

15 Bray et al, 1972; McQuarrie, 1985). These observations have raised questions as 
to whether the endotube is necessary for axonal outgrowth, and if so, which 
component(s) of the endotube are active in promoting axon elongation. To 
establish the requirement for a basal lamina in nerve regeneration, several groups 
have created nerve transection models which leave a gap, or they have transected 

20 the nerve, leaving disjoined proximal and distal stumps. Under these conditions 
±ere is a failure of regeneration, associated with long term changes in gene 
expression in both the axon and the Schwann cell (Lisney, 1983; Meeker and Farel, 
1993; Roytta and Salonen, 1988; Salonen et al, 1987; Watson et al, 1993; 
Weinberg and Spencer, 1978). 

25 The basal lamina is a Schwann cell product (Bunge et al, 1982), the 

components of which, either alone or together, promote or permit axonal 
outgrowth when presented as a purified substratum (reviewed in Liuzzi and 
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Tedeschi, 1991 and Luckenbill-Edds, 1997). These molecules include laminin 
(Combrooks et al, 1983), fibronectin (Tohyama and Ide, 1984), collagen type IV 
(Carey et al, 1983) and V, heparan sulfate proteoglycan (Mehta et al, 1985), 
tenascin (Zhang et al, 1995), and entactin (Baron-Van Evercooren et al, 1986). 

5 With the exception of a few positionally restricted molecules (e.g., s-laminin at the 
neuromuscular junction (Porter et al, 1995)), the basal lamina that coats the 
Schwann cell-axon unit is very similar to the o±er basal laminae found throughout 
the body (Martin et al, 1988; Yurchenco and Schittny, 1990). Taking advantage of 
this similarity, several types of basal laminae have been used as interpositional 

10 grafts into mixed sensory and motor nerves to promote axon regeneration. Various 
sources of material for engraftment have been tried, including acellular muscle 
basal lamina, acellular nerve basal lamina and acellular optic nerve. These grafts 
were made acellular by a variety of techniques, including repeated cycles of freeze- 
±aw, detergent lysis and hypotonic lysis (Feneley et al, 1991; Gulati, 1988; Hall, 

15 1986; Hall and Kent, 1987; Ide et al, 1983; Sondell et al, 1998). While each of 
these paradigms showed some degree of anatomical and functional recovery, none 
showed the high degree of recovery observed if intact nerve, with viable Schwann 
cells in situ, was used as the bridging material (Hall, 1986). Interestingly, 
components of the basal lamina bind and present trophic factors to ingrowing 

20 axons (Albuquerque et al, 1998; Kagami et al, 1998; Rifkin et al, 1990), thereby 
raising questions about the combined sufficiency of the basal lamina and these 
factors in neural regeneration. 

Electron microscopic examination of interpositional basal lamina 
grafts into myelinated peripheral nerve clearly demonstrated that axons enter the 

25 cell free grafts only when associated with co-migratory Schwann cells (Feneley et 
al, 1991). In a separate series of experiments, Enver and Hall used the anti-mitotic 
drug, mitomycin C, to block Schwann cell proliferation in rats treated with 
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interpositional muscle basal lamina grafts in their peroneal nerves. In the absence 
of cell division, Schwann cells associated with the ingrowing axons, thereby 
demonstrating that the Schwann cells co-migrated with the axons rather than 
proliferating and migrating into unoccupied space within the graft (Enver and Hall, 
5 1994). These studies showed a close approximation of the Schwann cell and axon, 
suggestive of an active, bi-directional communication in the penetration of the 
graft. 

The inventor suggests that the co-migratory Schwann cell and axon 
be considered the "regenerating unit" when invading cell-free grafts. The absolute 

10 requirement for viable Schwann cells as part of the regenerating unit was 
demonstrated by preventing their migration into a gap created between the 
proximal and distal stumps of a transected nerve. Without the glial component of 
the regenerating unit there is a virtual block of axon outgrowth (Jenq and 
Coggeshall, 1987; Le Beau et al., 1988; Scaravilli et al, 1986). 

15 The mechanism(s) employed by the Schwann cells to migrate in 

association with the ingrowing axons is not entirely known. However neuregulins 
in general, and the secreted form of neuregulin, GGF2, in particular (Marchionni et 
al, 1993), promote Schwann cell migration at doses below the Schwann cell 
mitotic threshold (Mahanthappa et al, 1996). The neuregulins are products of 

20 both motor and sensory axons (Chen et al, 1994; Marchionni et al, 1993; Meyer, 
1995; Orr-Urtreger et al, 1993), thereby placing these molecules in dose proximity 
to the Schwann cells in the ingrowing axon-Schwann cell units. In addition, high 
concentrations of GGF2 (500 ng/ml) induce Schwann cells to secrete a yet to be 
identified factor that promotes axonal branching and outgrowth (Mahanthappa et 

25 al, 1996). Very high local concentrations are possible in the microdomains of 
Schwann cell-axon contact. This elegant study suggests that the Schwann cell and 
the axon might in some manner be pulling and pushing one-another in the 
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regenerating unit, and that bi-directional signaling is a critical aspect of the biology 
of regeneration. 

The Schwann cell has a prodigious ability to sjmthesize a wide range 
of neurotrophic factors, including NGF, NT-3, BDNF, (Friedman et ah, 1996; 
5 Lindsay, 1994; Maisonpierre et ah, 1990), neuregulins (Rosenbaum et al, 1997), 
FGFl and FGF2 (Fujimoto et al, 1997; Morgan et al, 1994; Neuberger and De 
Vries, 1993) and IGFl and IGF2 (Hammarberg et al, 1998), all of which are 
known to promote or support neurite outgrowth. These factors, alone or in 
combination, are incapable of replacing the Schwann cell in the regenerating unit. 
10 With the exception of FGF2, which showed early, but not sustained support of axon 
outgrowth in the absence of Schwann cells, there are no reports of trophic factors 
alone supporting complete or robust regeneration (Fujimoto et al, 1997). These 
observations raise the question as to the molecular basis of Schwann cell-mediated 
nerve regeneration. 

15 Recent work by the inventor and colleagues elucidates the molecular 

genetic mechanisms employed by Schwann cells to regulate nervous tissue 
regeneration. During development, the transition from proliferating progenitor 
Schwann cells to myelinating Schwann cells is marked by a distinct developmental 
phase termed promyelination. During this phase the Schwann cells envest the 

20 axons, establishing the 1:1 relationship of the myelinating Schwann cell-axon unit 
(Webster, 1984). The histologic entry into promyelination is paralleled on the 
molecular level with the expression of the POU transcription factor SCIP (Weinstein 
et al, 1995), which is rapidly down-regulated at the onset of myelination (Monuki 
et al, 1990). During regeneration, SCIP is re-expressed as axons re-contact the 

25 resident Schwann cells. However, unlike development, SCIP expression is 

maintained in the Schwann cells after regeneration and remyelination (Scherer et 
al, 1994). The inventor and colleagues have recendy reported on the accelerated 
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and exaggerated regeneration of damaged peripheral nerves in transgenic animals 
expressing a mutant, activated form of SCIP (termed ASCIP) (Gondre et al, 1998). 
The transgene is expressed uniquely in the Schwann cells of the ASCIP animals 
(Weinstein et al, 1995). In addition to the overly exuberant regeneration observed 
5 in vivo, purified ASCIP Schwann cell populations support axonal out growth in vitro 
as well. These data show that Schwann cells are able to regulate the rate and 
extent of regeneration of the Schwann cell-axon unit in the damaged peripheral 
nerve. Attention is directed to the disclosure of co-pending Application No. 
09/294,764, filed April 4, 1999, the complete contents of which are expressly 
10 incorporated herein by reference. In the instant case, the inventor reports on the 
isolation and identification of a novel growth factor from the ASCIP Schwann cells 
that induces nervous tissue regeneration, termed herein Opal. 

Summary of the Invention 
The present invention is based upon the discovery of a novel protein 

15 and the nucleic acid encoding the same, said protein hereinafter denoted as Opal. 
Studies by the inventor indicate that Opal is a growth factor involved in the 
regeneration of nervous tissue. This discovery may prove useful for the 
regeneration of nervous tissue in culture as well as for the treatment of subjects in 
need of nervous tissue regeneration, including subjects afflicted with 

20 neurodegenerative diseases or with otherwise damaged neurons. Such treatment 
may be effected by administration of Opal using a variety of delivery methods, 
including, but not limited to, gene therapy, including treatment with host cells or 
autologous cells transformed with a vector comprising a nucleic acid encoding 
Opal, protein therapy or by the administration of agents which modulate Opal 

25 expression in an amount effective to induce or enhance expression of Opal and 
induce regeneration in the nervous tissues. 
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Accordingly, the present invention provides a purified and isolated 
nucleic acid encoding Opal protein, and more particularly, a purified and isolated 
nucleic acid comprising nucleotides 880-1680 of Figure 2A or 2B. Also provided by 
the present invention is a nucleic acid probe which hybridizes to the complement of 
5 nucleic acid encoding Opal, a mixture of nucleic acid probes each of which 

hybridizes to nucleic acid encoding Opal and a kit comprising one or more nucleic 
acid probes which hybridize to nucleic acid encoding Opal. The present invention 
also provides a vector comprising a nucleic acid encoding Opal and a host cell 
transformed by this vector. 

10 The present invention also provides a method for producing 

recombinant Opal comprising growing a bacterial or eukaryotic host cell 
transformed with a vector comprising nucleic acid encoding Opal in culture and 
recovering the recombinant Opal from the culture medium, from the host cell or 
from cell lysate. The present invention further provides a purified Opal protein, as 

15 well as an agent that binds to the Opal protein, including but not limited to an 
antibody immunoreactive with Opal. In addition, the present invention provides a 
kit comprising an agent that binds to the Opal protein. 

The present invention also provides a method for screening an agent 
that binds to a nucleic acid encoding Opal protein, comprising contacting the 

20 nucleic acid with an agent of interest and assessing the ability of the agent to bind 
to the nucleic acid. The present invention further provides a method for screening 
an agent that inhibits or promotes the expression of a nucleic acid encoding Opal 
protein, comprising the steps of contacting a cell transformed with a vector 
comprising the nucleic acid and assessing the effect of the agent on expression of 

25 the nucleic acid. The present invention still further provides a method for 
screening for an agent that binds to an Opal protein, comprising the steps of 
contacting the protein with an agent of interest and assessing the ability of the 
agent to bind to the protein. 
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Also provided is a method for evaluating the ability of an agent to 
induce nervous tissue regeneration, comprising the steps of contacting the 
candidate agent with nervous tissue and detecting the level of Opal expression in 
the nervous tissue, wherein an increased level of Opal expression may be 
5 indicative of nervous tissue regeneration. 

The present invention also provides a recombinant viral vector 
capable of introducing nucleic acid encoding Opal into a target cell such that the 
target cell expresses Opal, wherein the vector comprises (a) nucleic acid of or 
corresponding to at least a portion of the genome of a virus, tiie portion being 
10 capable of infecting the target cell, and (b) nucleic acid encoding a Opal protein 
operably linked to the viral nucleic acid. 

The present invention further provides methods for regenerating 
nervous tissue comprising contacting the tissue with an effective amount of cells or 
host cells expressing Opal to regenerate the nervous tissue or, alternatively, 
15 comprising contacting die tissue witii an effective amount of Opal to regenerate 
the nervous tissue. 

Finally, the present invention also provides methods for treating a 
subject in need of nervous tissue regeneration, said methods comprising the 
administration to a subject of an effective amount of Opal to induce nervous tissue 
20 regeneration. The administration of Opal may be effected by a variety of methods, 
including, but not limited to, the introduction of an effective amount of cells 
expressing Opal into the subject to induce nervous tissue regeneration in the 
subject (including ASCIP Schwann cells or autologous cells transformed with a 
vector comprising a nucleic acid encoding Opal), administration of the Opal 
25 protein, administration of the Opal nucleic acid, or by tiie administration of agents 
which modulate Opal expression in an amount effective to induce or enhance 
expression of Opal. 
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Additional objects of the present invention will be apparent from the 
description which follows. 



Brief Description of the Figures 
Figure 1 depicts the results of two dimensional gel electrophoresis 
5 experiments, showing spots present in extracts from ASCIP Schwann cells that are 
not present in extracts from wild type Schwann cells. 

Figure 2 illustrates nucleic acid sequences encoding Opal from 
mouse (2A) and human (2B) cDNAs. 

Figure 3 depicts the results of Opal expression studies in various 
10 adult and developing mouse tissues. 

Figure 4 illustrates an analysis of Opal expression in the developing 
CNS, with three distinct bands that change in intensity over the course of 
development. Stages shown are E9.5, E13, P2 and P5. (E=embryonic; 
P= postnatal) 

15 Figure 5a shows that ASCIP cells constitutively express Opal mRNA, 

which is massively induced with 50 ng/ml of GGF. In contrast, the wild type 
Schwann cells express no Opal at baseline and are induced to the baseline ASCIP 
level with the addition of 50 ng/ml GGF. 

Figure 5b is a dose response curve of GGF on wild type Schwann 

20 cells, which shows that expression of Opal plateaus at 50 ng/ml GGF. 

Figure 6 illustrates modulation of Opal expression in cultured 
Schwann cells in the presence of the neuroimmunophilin FK506. A dose curve of 
FK506, dissolved in DMSO, was added to primary mouse Schwann cells and 
assayed for Opal induction after 48 hours. Strong induction is seen at lOnM and 

25 maximal induction at lOOnM, although above this dose. Opal expression 

precipitously falls. The induction of Opal with FK506 corresponds to the reported 
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dosages at which FK506 has a therapeutic effect on nerve regeneration in animal 
models. 

Figure 7a depicts the outgrowth of axons of PC 12 cells cultured on 
wild type and Opal expressing cells. Non-differentiated PCI 2 cells cultured on 
5 Opal expressing Schwann cells extend axons that approach 100 /xm overnight. 

Figure 7b depicts granule cell survival and axon outgrowth of 
cerebellar granule cells cultured on monolayers of wild type and Opal expressing 
Schwann cells. There was a tremendous difference in granule cell survival in the 
presence of Opal, as well as tremendous axonal outgrowth. 
10 Figure 8 depicts cell survival (Panel A) and axon outgrowth (Panel B) 

of cerebellar granule cells cultured on monolayers of Opal expressing Schwann 
cells. 



Detailed Description of the Invention 
As used herein, the following words and phrases have the meaning 
15 set forth below: 

"Opal protein" includes, where appropriate, both the Opal protein 
and analogues of Opal protein, wherein an analogue of Opal may be any protein 
having functional similarity to the Opal protein, and which (a) also possesses 
certain regions that are conserved among the Opal family members or (b) is 
20 encoded by a nucleic acid comprising a nucleotide sequence that is at least 80%, 
85%, 90%, 95%, or 98% identical to nucleotides 880-1680 of Figure 2A or 2B. 

The term "nervous tissue" as used herein includes nervous tissue 
present in both the central nervous system and the peripheral nervous system, and 
most generally includes, but is not limited to, neurons and neuroglia, and discrete 
25 parts of neurons and neuroglia. "Neurons" are any of the conducting or nerve cells 
of the nervous system that typically consist of a cell body containing the nucleus 
and surrounding cytoplasm (perikaryon), several short radiating processes 
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(dendrites), and one long process (the axon), which terminates in twiglike 
branches (telodendrons) and may have branches (collaterals) projecting along its 
course. "Neuroglia" are the neuroglial cells or glial cells which form the supporting 
structure of the nervous tissue. Nervous tissue is also meant to encompass discrete 
parts of the neurons and neuroglia. 

Non-exclusive specific examples of various types of nervous tissue 
include, but are not limited to, any or all of the following: Schwann cells, stellate 
cells, satellite cells, astrocytes, oligodendrocytes, any type of granular cell, cells 
contained in the ganglia, grey matter, or white matter, myelin, neurilemma, axons, 
dendrites, motor neurons, fibrils and fibular processes. 

The terms "Opal biological activity^', "Opa 1 function" or 
"neuroregenerative biological activity" are meant to refer to functions normally 
performed by wild-type Opal (or an analogue of Opal). Such functions can include 
axonogenesis of a nerve, the myelination of a nerve, the growth of neurons, the 
growth of neuroglia, the growth of the axons or dendrites of a nerve, the growth of 
fibrils of neuroglia, the growth of stellate cells, the growth of fibular processes of 
neuroglia, the remyelination of grey matter, and the remyelination of white matter. 
The neuroregenerative biological activity may take place in nerves of both the 
central nervous system and the peripheral nervous system. 

As used herein, "growth" may be defined as an increase in thickness, 
diameter, and length of the nerve fibers or the myelin or neurilemma coverings, 
and the supporting fibrils and fibular processes. The definition of "growth" as used 
herein also includes an increase in the numbers of Schwann cells, stellate cells or 
neuroglial cells present on or supporting a nerve. 

Unless otherwise indicated, "protein" shall mean a protein, 
polypeptide or peptide. 

The present invention provides a purified and isolated nucleic acid 
encoding an Opal protein. As used herein, the nucleic acid may be genomic DNA, 

101286.2 



-12- 

cDNA, RNA or antisense RNA and includes nucleic acid derived from any species, 
and preferably from a mammalian species, e.g., a human or a mouse. Due to the 
degeneracy of the genetic code, the nucleic acid of the present invention also 
includes a multitude of nucleic acid substitutions v^hich will also encode Opal. 
5 The nucleic acid from the mouse preferably comprises the nucleotide sequence as 
shov\^n in Figure 2A and more preferably comprises nucleotides 880-1680 of Figure 
2A. The nucleic acid from a human preferably comprises the nucleotide sequence 
shown in Figure 2B, and more preferably comprises nucleotides 880-1680 of Figure 
2B. 

10 In addition, the present invention provides the nucleic acid encoding 

Opal protein having one or more mutations resulting in the expression of either a 
non-functional or mutant protein, or in lack of expression altogether. The mutation 
may be one or more point, insertion, rearrangement or deletion mutations or a 
combination thereof. 

15 The present invention also includes an isolated and purified nucleic 

acid comprising the nucleic acid of Figures 2A or 2B or a contiguous fragment 
thereof (said fragment comprising most preferably nucleotides 880 to 1680 of 
Figures 2 A or 2B, respectively), wherein said nucleic acid encodes a protein having 
Opal biological activity. Also disclosed is an isolated nucleic acid that hybridizes 

20 under high stringency conditions (i.e., hybridization to filter bound DNA in 0.5M 
NaHP04 at 65°C and washing in O.IX SSC/0.1% SDS at 68X) or moderate 
stringency conditions (lc, washing in 0.2X SSC/0.1% SDS at 42^C) (Ausubel, F.M. 
et al, 1998 Current Protocols in Molecular Biology) to the complement of the 
nucleic acid sequence of Figure 2A or 2B, or to a contiguous fragment thereof (said 

25 fragment comprising most preferably nucleotides 880 to 1680 of Figure 2A or 2B, 
respectively), wherein said isolated nucleic acid encodes a protein having Opal 
biological activity. 
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Also disclosed are isolated nucleic acids that encode a protein having 
Opal biological activity, wherein said nucleic acids comprise a nucleic acid 
sequence that is at least 80%, preferably at least 85%, more preferably at least 
90%, even more preferably at least 95%, and most preferably at least 98%, 
5 identical to the nucleic acid sequence of Figure 2A or 2B, or to a contiguous 

fragment of Figure 2A or 2B (said fragment comprising most preferably nucleotides 
880 to 1680 of Figure 2A or 2B, respectively). 

The present invention also provides an isolated and substantially 
purified Opal protein or Opal analogue and includes Opal isolated from tissue 

10 obtained from a subject or recombinantly produced as described below^. Preferably, 
the Opal protein or Opal analogue of the present invention is encoded by the 
nucleic acid of Figure 2A or 2B, or a contiguous fragment thereof (said fragment 
comprising most preferably nucleotides 880-1680 of Figure 2A or 2B, respectively), 
and has a molecular weight of around lOOkDa. Altematively, the Opal protein or 

15 Opal analogue of the present invention is encoded by a nucleic acid that hybridizes 
to a complement of the nucleic acid of Figure 2A or 2B (or to a contiguous 
fragment thereof, said fragment comprising most preferably nucleotides 880-1680 
of Figure 2A or 2B, respectively) under high stringency or moderate stringency 
conditions, wherein said nucleic acid encodes a protein having Opal biological 

20 activity. As used herein, an "analogue" may be any protein having functional 
similarity to the Opal protein, that also possesses certain regions that are 
conserved among the Opal family members or is encoded by a nucleic acid 
comprising a nucleotide sequence that is at least 80%, 85%, 90%, 95%, or 98% 
identical to nucleotides 880-1680 of Figure 2A or 2B. The present invention also 

25 includes a non-functional Opal protein , i.e.. Opal which is inactive or only has 
minimal effects in vivo or in vitro. The non-functional Opal protein may have one 
or more deletions or substitutions of its amino acid sequence that results in the 
Opal protein losing its functionality. 
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The present invention also provides a vector which comprises a 
nucleic acid encoding an Opal protein or an Opal analogue, including a nucleic 
acid which hybridizes under high stringency conditions or moderate stiingency 
conditions to the complement of the nucleic acid sequence of Figure 2A or 2B, or to 
a contiguous fragment tiiereof (said fragment comprising most preferably 
nucleotides 880 to 1680 of Figure 2A or 2B, respectively). Such vectors may be 
consti^cted by inserting nucleic acid encoding Opal or an Opal analogue into a 
suitable vector nucleic acid, operably linked to an expression conti-ol sequence as 
described below. The term "inserted" as used herein means the Ugation of a foreign 
DNA fragment and vector DNA by techniques such as the annealing of compatible 
cohesive ends generated by restriction endonuclease digestion or by use of blunt 
end ligation techniques. Other metiiods of ligating DNA molecules will be apparent 

to one skilled in the art. 

The vectors of the present invention may be derived from a number 
of different sources, including plasmids, viral-derived nucleic acids, lytic 
bacteriophage derived from phage lambda, cosmids or filamentous single-stiranded 
bacteriophages such as M13. Depending upon the type of host cell into which the 
vector is intiroduced, vectors may be bacterial or eukaryotic. Bacterial vectors are 
derived from many sources including the genomes of plasmids and phages. 
Eukaryotic vectors are also constructed from a number of different sources, e.g. 
yeast plasmids and viruses. Some vectors, called shuttie vectors, are capable of 
replicating in both bacteria and eukaryotes. The nucleic acid from which the vector 
is derived is usually greatly reduced in size so tiiat only tiiose genes essential for its 
autonomous replication remain. The reduction in size enables the vectors to 
accommodate large segments of foreign DNA. 

Examples of suitable vectors into which the nucleic acid encoding the 
Opal protein can be inserted include but are not limited to pCGS, pBR322, pUC18, 
pUC19, pHSV-106, pJS97, pJS98, M13mpl8, M13mpl9, pSPORT 1, pGem, 
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pSPORT 2, pSV#SPORT 1, pBluescript II, ^ZapII, AgtlO, Agtll, Agt22A, and 
AZIPLOX. Other suitable vectors are obvious to one skilled in the art. 

The vector of the present invention may be introduced into a host cell 
and may exist in integrated or unintegrated form within the host cell. When in 
5 unintegrated form, the vector is capable of autonomous replication. The term "host 
cell" as used herein means the bacterial or eukaryotic cell into which the vector is 
introduced. As used herein, "introduced" is a general term indicating that one of a 
variety of means has been used to allow the vector to enter the intracellular 
environment of the host cell in such a way that it exists in stable and expressable 
10 form therein. 

Some bacterial and eukaryotic vectors have been engineered so that 
they are capable of expressing inserted nucleic acids to high levels within the host 
cell. An "expression cassette" or "expression control sequence" comprising nucleic 
acid encoding an Opal protein operably linked or under the control of 

15 transcriptional and translational regulatory elements (e.g. a promoter, ribosome 
binding site, operator, or enhancer) can be made and used for expression of Opal 
protein in vitro or in vivo. The choice of regulatory elements employed may 
vary, depending for example on the host cell to be transfected and the desired level 
of expression. For example, in vectors for the expression of a gene in a bacterial 

20 host cell such as E.coli . the lac operator-promoter or the tac promoter are often 
used. Eukaryotic vectors use promoter-enhancer sequences of viral genes, 
especially those of tumor viruses. Several promoters for use in mammalian cells 
are known in the art and include, for example, the phosphoglycerate (PGK) 
promoter, the simian virus 40 (SV40) early promoter, the Rous sarcoma virus 

25 (RSV) promoter, the adenovirus major late promoter (MLP) and the human 

cytomegalovirus (CMV) immediate early 1 promoter. However, any promoter that 
facilitates suitable expression levels can be used in the instant invention. Inducible 
promoters, (e.g. those obtained from the heat shock gene, metallothionein gene, 
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beta interferon gene, or steroid hormone responsive genes, including but not 
limited to the lac operator-promoter in E.coli or metallothionine or mouse 
mammary tumor virus promoters in eukaryotic cells) may be useful for regulating 
transcription based on external stimuli. As used herein, "expression" refers to the 

5 ability of the vector to transcribe the inserted nucleic acid into mRNA so that 
synthesis of the protein encoded by the inserted nucleic acid can occur. 

Vectors suitable for the expression of the nucleic acid encoding Opal 
in a host cell are well known to one skilled in the art and include pET-3d 
(Novagen), pProEx-1 (Life Technologies), pFastBac 1 (Life Technologies), pSFV 

10 (Life Technologies), pcDNA II (Invitrogen), pSLSOl (Invitrogen), pSE280 
(Invitrogen), pSE380 (Invitrogen), pSE420 (Invitrogen), pTrcHis A,B,C 
(Invitrogen), pRSET A,B,C (Invitrogen), pYES2 (Invitrogen), pAC360 (Invitrogen), 
pVL1392 and pVll392 (Invitrogen), pCDM8 (Invitrogen), pcDNA I (Invitrogen), 
pcDNA I(amp) (Invitrogen), pZeoSV (Invitrogen), pcDNA 3 (Invitrogen), pRc/CMV 

15 (Invitrogen), pRc/RSV (Invitrogen), pREP4 (Invitrogen), pREP7 (Invitrogen), 

pREPS (Invitrogen), pREP9 (Invitrogen), pREPlO (Invitrogen), pCEP4 (Invitrogen), 
pEBVHis (Invitrogen), and XPop6. Other vectors would be apparent to one skilled 
in the art. 

Vectors may be introduced into host cells by a number of techniques 
20 known to those skilled in the art, e.g. via calcium phosphate or calcium chloride 
co-precipitation, DEAE dextran mediated transfection, lipofection, electroporation, 
cationic liposome fusion, protoplast fusion, DNA coated-microprojectile 
bombardment, and infection with recombinant replication-defective retroviruses. 
The term "transformation" denotes the introduction of a vector into a bacterial or 
25 eukaryotic host cell. As such, it encompasses transformation of bacterial cells and 
transfection, transduction and related methods in eukaryotic cells. 

Any one of a number of suitable bacterial or eukaryotic host cells may 
be transformed with the vector of the present invention, including various 
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neuroglia, such as Schwann cells. Examples of suitable host cells are known to one 
skilled in the art and include but are not limited to bacterial cells such as E.coU 
strains c600, c600hfl, HBlOl, LE392, Y1090, JM103, JM109, JMlOl, JM107, 
Y1088, Y1089, Y1090, Y1090(ZZ), DM1, PHIOB, DHllS, DH125, RRl, TBI and 
5 SURE, Bacillus subtiUs . Agrobacterium tumefaciens . Bacillus megaterium : and 
eukaryotic cells such as Pichia pastoris, Chlamvdomonas reinhardtii , Crvptococcus 
neoformans , Neurospora crassa , Podospora anserina. Saccharomvces cerevisiae, 
Saccharomyces pombe , Uncinula necator. cultured insect cells, cultured chicken 
fibroblasts, cultured hamster cells, cultured human cells such as HT1080, MCF7, 

10 and 143B, and cultured mouse cells such as EL4 and NIH3T3 cells. 

The present invention also provides a method for producing a 
recombinant Opal protein comprising introducing a nucleic acid encoding Opal 
(or a nucleic acid that hybridizes under high stringency conditions or moderate 
stringency conditions to the complement of a nucleic acid encoding Opal or a 

15 contiguous fragment thereof, where said nucleic acid encodes a protein with Opal 
biological activity) into a suitable bacterial or eukaryotic host cell (including a 
neuroglial cell, such as a Schwann cell), maintaining said host cells under 
conditions whereby the nucleic acid is expressed to produce Opal, and recovering 
recombinant Opal from the culture medium, from the host cells or from cell lysate. 

20 As used herein the term "recombinant" refers to Opal produced by purification 
from a host cell transformed with a vector capable of directing its expression to a 
high level, 

A variety of methods of growing host cells transformed with a vector 
are known to those skilled in the art. The type of host cell, i.e., bacterial or 
25 eukaryote, is the primary determinant of the method to be utilized and the 

optimization of specific parameters relating to such factors as temperature, trace 
nutrients, humidity, and grow± time. Depending on the vector, the host cells may 
have to be induced by the addition of a specific compound at a certain point in 

101286.2 



-18- 

their growth cycle in order to initiate expression of the nucleic acid of the present 
invention. Examples of compounds used to induce expression of the nucleic acid of 
the present invention are known to one skilled in the art and include but are not 
limited to IPTG, zinc and dexamethasone. Using standard methods of protein 
5 isolation and purification, such as ammonium sulfate precipitation followed by 
dialysis to remove salt, followed by fractionation according to size, charge of the 
protein at specific pH values, affinity methods, etc., recombinant Opal may be 
extracted from suitable host cells transformed with vector capable of expressing the 
nucleic acid encoding Opal. 

10 The present invention also provides for agents that bind to the Opal 

protein and analogues thereof, as well as the non-functional Opal protein. The 
agent may be a antibody, a nucleic acid, a protein, a peptide, DNA, RNA, mRNA, 
antisense RNA, a drug or a compound. Agents that bind to the Opal protein or an 
analogue thereof may be identified or screened by contacting the protein with the 

15 agent of interest and assessing the ability of the agent to bind to the protein. 

Antibodies immunoreactive with Opal or analogues thereof include 
antibodies immunoreactive with non-functional Opal protein. The antibodies of 
the present invention may be monoclonal or polyclonal and are produced by 
techniques well known to those skilled in the art, e.g., polyclonal antibody can be 

20 produced by immunizing a rabbit, mouse, or rat with purified Opal and 
monoclonal antibody may be produced by removing the spleen from the 
immunized rabbit, mouse or rat and fusing the spleen cells with myeloma cells to 
form a hybridoma which, when grown in culture, will produce a monoclonal 
antibody. Labeling of the antibodies of the present invention may be accomplished 

25 by standard techniques using one of the variety of different chemiluminescent and 
radioactive labels known in the art. The antibodies of the present invention may 
also be incorporated into kits which include an appropriate labeling system, buffers 
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and other necessary reagents for use in a variety of detection and diagnostic 
applications. 

The present invention provides for agents that bind to a nucleic acid 
encoding Opal protein. Suitable agents include but are not limited to a nucleic 
5 acid, a protein, a peptide, DNA, RNA, mRNA, antisense RNA, a drug or a 

compound. The agents may inhibit or promote expression of the Opal nucleic 
acid. Such agents may be discovered by a method for screening for an agent that 
binds to the nucleic acid of Opal comprising contacting the nucleic acid with an 
agent of interest and assessing the ability of the agent to bind to the nucleic acid. 
10 An agent that inhibits or promotes the expression of the nucleic acid encoding the 
Opal protein may be screened by contacting a cell transformed with a vector 
comprising the nucleic acid, and assessing the effect of the agent on expression of 
the nucleic acid. 

The present invention also provides nucleic acid probes and mixtures 
15 thereof which are hybridizable to the nucleic acid encoding the Opal protein. Such 
probes may be prepared by a variety of techniques known to those skilled in the art 
such as PGR and restriction enzyme digestion of Opal nucleic acid or by automated 
synthesis of oligonucleotides whose sequence correspond to selected portions of the 
nucleotide sequence of the Opal nucleic acid using commercially available 
20 oligonucleotide synthesizers such as the Applied Biosystems Model 392 DNA/RNA 
synthesizer. The nucleic acid probes of the present invention may also be prepared 
so that they contain one or more point, insertion, rearrangement or deletion 
mutations or a combination thereof to correspond to mutations of the Opal gene. 
The nucleic acid probes of the present invention may be DNA or RNA and may vary 
25 in length from about 8 nucleotides to the entire length of the Opal nucleic acid. 
Preferably, the probes are 8 to 30 nucleotides in length, and even more preferably 
correspond to nucleotides within bp880 - 1680 of Figure 2A or 2B. Labeling of the 
nucleic acid probes may be accomplished using one of a number of methods known 
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in the art, e.g., PGR, nick translation, end labeling, fill-in end labeling, 
polynucloetide kinase exchange reaction, random priming, or SP6 polymerase (for 
riboprobe preparation) and one of a variety of labels, e.g., radioactive labels such 
as ^^S, ^^P or or nonradioactive labels such as biotin, fluorescein (FITC), 
5 acridine, cholesterol or carboxy-X-rhodamine (ROX). Combinations of two or more 
nucleic probes corresponding to different or overlapping regions of the Opal 
nucleic acid may also be included in kits for use in a variety of detection and 
diagnostic applications. 

The present invention also provides a method for evaluating 

10 neuroregenerative biological activity associated with heightened Opal expression 
in a subject's cells. Neuroregenerative activity may be evaluated in a patient, 
including a patient with neurodegenerative disease such as Alzheimer's, Pick's 
disease, Huntington's disease, Parkinson's disease, cerebral palsy, amyotrophic 
lateral sclerosis, muscular dystrophy, multiple sclerosis, myasthena gravis or 

15 Binswanger's disease, by detecting increased or decreased expression of Opal using 
nucleic acid hybridization and/or immunological techniques well known in the art. 

For example, nucleic acid hybridization using mRNA extracted from 
cells and Opal nucleic acid probes can be used to determine the concentration of 
Opal mRNA present in the cell and the concentration thus obtained compared to 

20 the value obtained for cells which exhibit a normal level of Opal activity. Isolation 
of RNA from cells is well known in the art and may be accomplished by a number 
of techniques, e.g., whole cell RNA can be extracted using guanidine thiocyanate; 
cytoplasmic RNA may be prepared by using phenol extraction methods; and 
polyadenylated RNA may be selected using oligo-dT cellulose. Alternatively, the 

25 concentration of Opal may be determined from binding studies using labeled 
antibody immunoreactive with Opal. 

Further, the present invention provides a method for evaluating 
agents that may induce nervous tissue growth or regeneration, comprising 
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contacting the candidate agent with nervous tissue, and detecting the level of 
Opalexpressed using nucleic acid hybridization and/or immunological techniques 
known in the art and as described above, wherein an increased level of Opal 
expression may be indicative of growth or regeneration in the nervous tissue. In 

5 this manner, agents may be screened for their neuroregenerative activity using 
Opal as an indicator that nervous tissue growth or regeneration has recently 
occurred or is occurring. Similarly, such me±ods may be used to evaluate the 
efficacy of an agent or therapeutic administered to a subject in need of nervous 
tissue regeneration by simply measuring the level of Opal expression in the 

10 nervous tissue of said patient, wherein a heightened level of Opal expression may 
be indicative of nervous tissue growth or regeneration. 

Neurological defects resulting from mutations in the nucleic acid 
encoding Opal may be detected by one of a number of me±ods known in the art, 
e.g., hybridization analysis of nucleic acid extracted from a sample of tissue or cells 

15 from a subject using nucleic acid probes designed to detect the presence of 
mutations in the nucleic acid encoding Opal. Alternatively, the defect may be 
detected using antibody immunoreactive with non-functional Opal and standard 
immunological detection techniques such as Western blotting. 

The present invention also provides a method of inducing nervous 

20 tissue growth or regeneration comprising administering to said tissue an effective 
amount of Opal or an Opal analogue to regenerate the nervous tissue. The 
administration of Opal or Opal analogue may be effected by a variety of methods, 
including, but not limited to, contacting the nervous tissue wi± an effective 
amount of cells expressing Opal (including ASCIP Schwann cells, or host cells 

25 transformed with a vector comprising nucleic acid encoding Opal), administration 
of the Opal protein, administration of the Opal nucleic acid, or by the 
administration of agents (such as GGF or FK506) which modulate Opal expression 
in an amount effective to induce or enhance expression of Opal. It is understood 

101286.2 



-22- 

that nervous tissue growth or regeneration, as used herein, includes axonogenesis 
of a nerve, the myelination of a nerve, the grow^th of neurons, the growth of the 
axons or dendrites of a nerve, the growth of fibrils of neuroglia, the growth of 
stellate cells, the growth of fibular processes of neuroglia, the remyelination of grey 
5 matter, and the remyelination of white matter. 

Also provided by the present invention is a method of inducing 
nervous tissue growth or regeneration in a subject in need of nervous tissue 
growth or regeneration comprising administering to the subject an effective amount 
of Opal or an Opal analogue to induce nervous tissue growth or regeneration in 

10 the subject. The neuroregenerative activity of Opal renders Opal useful for 

preventing the onset or reducing the severity of damaged or degenerated nervous 
tissue. The subject in need of nervous tissue growth or regeneration may have a 
neurodegenerative disease, damaged neurons and/or damaged myelin. Non- 
limiting examples of such neurodegenerative diseases are Alzheimer's disease, 

15 Pick's disease, Huntington's disease, Parkinson's disease, cerebral palsy, 

amyotrophic lateral sclerosis, muscular dystrophy, multiple sclerosis, myasthenia 
gravis, and Binswanger's disease. In addition, damaged neurons or myelin caused 
by vascular lesions of the brain and spinal cord, trauma to the brain and spinal 
cord, cerebral hemorrhage, intracranial aneurysms, hypertensive encephalopathy, 

20 subarachanoid hemorrhage or developmental disorders may also be treated using 
the methods provided by the present invention. Examples of developmental 
disorders include, but are not limited to, a defect of the brain, such as congenital 
hydrocephalus, or a defect of the spinal cord, such as spina bifida. 

The administration of Opal or the Opal analogue may be effected by 

25 a number of different routes, including administration of the Opal or Opal 

analogue protein itself, administration of a nucleic acid encoding Opal or Opal 
analogue by the use of standard DNA techniques, by treatment with an effective 
amount of cells expressing Opal (including ASCIP Schwann cells, or host cells 
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transformed with a vector comprising nucleic acid encoding Opal), treatment with 
autologous cells (preferably neuroglial cells, such as Schwann cells) transformed 
with nucleic acid encoding Opal, or by administration of agents (such as GGF or 
FK506) which modulate Opal expression in an amount effective to induce or 
5 enhance expression of Opal. 

As a part of protein therapy, the Opal/Opal analogue may be 
administered to a tissue or subject in conjunction with a pharmaceutically 
acceptable carrier or diluent topically on an exposed nerve, nervous tissue, or 
transplant tissue, or by intravenous, intramuscular, intradermal, subcutaneous or 

10 intraperitoneal injection or other appropriate route of administration in an effective 
dosage range. The Opal/Opal analogue is administered in amounts sufficient to 
promote nervous tissue regeneration in a subject, and may be administered alone 
or in association with an agent that facilitates passage (i.e., via fusion or 
endoc3^osis) through cell membranes or that promotes Opal biological activity. 

15 Opal or Opal analogue may be produced synthetically or recombinantly, or may 
be isolated from native cells. 

A nucleic acid encoding Opal or Opal analogue may also be 
administered to a subject using gene therapy, i.e. by the administration of a 
recombinant vector containing a nucleic acid sequence encoding the Opal or Opal 

20 analogue protein. The nucleic acid sequence encoding Opal/Opal analogue 

administered to a subject may be genomic DNA or cDNA. The nucleic acid sequence 
may be administered using a number of procedures known to one skilled in the art, 
such as electroporation, DEAE Dextran, monocationic liposome fusion, polycationic 
liposome fusion, protoplast fusion, DNA coated microprojectile bombardment, by 

25 creation of an in vivo electrical field, injection with recombinant replication- 
defective viruses (including retroviruses and adeno-associated viruses), 
homologous recombination, receptor mediated entry and naked DNA transfer. It is 
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to be appreciated by one skilled in the art that any of the above methods of DNA 
transfer may be combined. 

The recombinant vector may comprise a nucleic acid of or 
corresponding to at least a portion of the genome of a virus, where this portion is 
5 capable of directing the expression of a nucleic sequence encoding Opal protein, 
operably linked to the viral nucleic acid and capable of being expressed as a 
functional gene product in the subject. 

The recombinant vectors may also contain a nucleotide sequence 
encoding suitable regulatory elements so as to effect expression of the vector 

10 construct in a suitable host cell. As used herein, "expression" refers to the ability of 
the vector to transcribe the inserted DNA sequence into mRNA so that synthesis of 
the protein encoded by the inserted nucleic acid can occur. Those skilled in the art 
will appreciate that a variety of enhancers and promoters are suitable for use in the 
constructs of the invention, and that the constructs will contain the necessary start, 

15 termination, and control sequences for proper transcription and processing of the 
nucleic acid sequence encoding Opal protein when the recombinant vector 
construct is introduced into a mammal. Vectors suitable for the expression of the 
nucleic sequence encoding Opal protein are well known to one skilled in the art. 

For the purposes of gene transfer into a cell, tissue or subject, a 

20 recombinant vector containing nucleic acid encoding Opal may be combined with 
a sterile aqueous solution which is preferably isotonic with the blood of the 
recipient. Such formulations may be prepared by suspending the recombinant 
vector in water containing physiologically compatible substances such as sodium 
chloride, glycine, and the like, and having buffered pH compatible with 

25 physiological conditions to produce an aqueous solution, and rendering such 
solution sterile. In a preferred embodiment of the invention, the recombinant 
vector is combined with a 20-25% sucrose in saline solution in preparation for 
introduction into a mammal. 
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The amounts of nucleic acid encoding Opal, or nucleic acid encoding 
Opal contained in a vector are administered in amounts sufficient to induce 
nervous tissue regeneration in a subject. However, the exact dosage will depend on 
such factors as the purpose of administration, the mode of administration, and the 
5 efficacy of the composition, as well as the individual pharmacokinetic parameters 
of the subject. Such therapies may be administered as often as necessary and for 
the period of time as judged necessary by one of skill in the art. 

The invention further provides that Opal may be administered to a 
subject in need of nervous tissue regeneration by introducing an effective amount 

10 of neuroglial cells (such as Schwann cells or ASCIP Schwann cells) or other host 
cells expressing Opal or an Opal analogue into the subject to induce nervous 
tissue regeneration in the subject. 

In an alternative embodiment of the invention, biologically active 
Opal may be provided to the cell of an individual in need of nervous tissue growth 

15 or regeneration comprising isolating autologous host cells (preferably neuroglial 
cells, and most preferably, Schwann cells) from the individual, transforming the 
isolated host cells with an expression vector that contains and expresses the nucleic 
acid encoding Opal, and transplanting the autologous host cells into the individual 
in need of nervous tissue regeneration so as to provide biologically active Opal to a 

20 cell or tissue of said individual. The vector may be any vector as described above, 
but is most preferably a recombinant replication defective virus, including, but not 
limited to, retroviruses or adeno-associated viruses. The transformed host cells may 
be assayed for transduction efficiency by techniques known to those skilled in the 
art, including PGR identification of the Opal nucleic acid, Southern blot 

25 determination of gene copy number, enzymatic assay, hybridization with nucleic 
acid probes, and immunocytochemistry to detect the Opal protein. Upon the 
establishment of an autologous transformed host cell population, the cells are 
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reintroduced back into the subject in need of nervous tissue growth or 
regeneration. 

The invention further provides a method for inducing nervous tissue 
growth or regeneration in a subject comprising contacting the nervous tissue of said 
5 subject with a modulator of Opal expression in an amount effective to induce or 
enhance expression of Opal and induce growth or regeneration in the nervous 
tissues of said subject. The modulator may be a protein, nucleic acid, compound, or 
agent that induces Opal expression, including but not limited to GGF or FK506- 
It is within the confines of the invention that Opal may be 
10 administered in combination with one or more growth and/or regulatory factors to 
promote nervous tissue regeneration. Opal may be administered to a subject prior 
to, simultaneously with or subsequent to administration of a growth factor and/or 
regulatory factor. 

Finally, since Opal induces nervous tissue growth or regeneration, 
15 Opal may be useful for enhancing wound healing, organ regeneration, organ 

transplantation (e.g., heart, kidney, lung, and liver), the transplantation of artificial 
organs, and in the acceptance of grafts (e.g skin, appendages^ etc.). 

The present invention may be better understood by reference to the 
following non-limiting Example. The following Example is presented in order to 
20 more fully illustrate the preferred embodiments of the invention, and should in no 
way be construed as limiting the scope of the present invention. 

Example 

Materials and methods 
Cell culture for outgrowth assay 
25 A. Schwann cells: On the day before establishment of co-cultures, 30 

000 of either wild-type, primary mouse or ASCIP primary Schwann cells were 
added per well of a 24 well plate and cultured in (DMEM supplemented with 
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10 % of FCS, IX non essential amino acids, penicillin, streptomycin, glutamine and 
250 ng/ml Fungizone) over night, as described (Wu and Weinstein, 1999). PC 12 
Cells were grown in DMEM supplemented with 10 % PCS and 5 % horse serum, IX 
nonessential amino acids, penicillin, streptomycin, glutamine and 250 ng/ml 
5 Fungizone. The cells were grown on tissue culture precoated with 2% rat tail 
collagen, as described (Weinstein et ah, 1990). Cerebellar granular cells from P2 
rats were prepared and partially purified on a PercoU gradient. The contaminating 
astrocytes were removed by differential adhesion to tissue culture plastic, all as 
described (Weinstein, 1997). 
10 B. Co-cultures: The Schwann cell culture medium was removed and 

10"^ of either PC 12 cells or cerebellar granular cells were added in DMEM 
supplemented with 10% FCS and 5% horse serum, IX nonessential amino acids, 
penicillin, streptomycin, glutamine and 250 ng/ml Fungizone, and cultured 
ovemight. 

15 Immunostaining 

Cultures were rinsed with PBS and fixed with PBS buffered 4% 
paraformaldehyde, pH 7.5. The cells were permeabilized and blocked in 10% 
normal goat serum /0.1% Triton XlOO for 1 h at room temperature. The anti 
neuron-specific tubulin antibody TuJ 1 was added 1:1000 for 1 h at room 

20 temperature, then washed five times in PBS/0.01% Triton XlOO and then exposed 
to goat anti-mouse/biotin for 1 h at room temperature. The cells were washed five 
times in PBS/0.01% Triton X-100-100 and the secondary antibody was visualized 
using the ABC elite system (Vector Laboratory) with DAB and nickel. The stained 
co-cultures were photographed, and scanned using Adobe Photoshop. The images 

25 were subsequendy analyzed with the MetaMorph imaging system in the manual 
mode. In brief, each neurite was marked and its course was marked by tracing 
with the mouse. The same procedure was carried out for all for secondary neurites. 
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The outline of each process was then converted to pixels, the results were then 
transferred to a Microsoft Excel spreadsheet. Statistical evaluations were made 
with the statistical function of Excel, using a student unpaired T-test with unequal 
variances. 

5 Cell culture for 2D electrophoresis 

Wild-type mouse Schwann cells and ASCIP Schwann cells were 
cultured for 24 hours in serum-free conditions in a medium supplemented with 
insulin (5 mg/L) transferin (10 mg/L) and selenium (sodium selenite 30 nM), after 
which the medium was aspirated and the cells were rinsed thrice with PBS. The 
10 cells were then scraped into NaPi pH 7 containing 0.5 mM PMSF, 0.5 mg/ml 

leupeptin, 0.7 mg/ml pepstatin A and 1 mg/ml aprotinin. The samples were frozen 
at -70°C until further use. Protein concentration was determined according to the 
method described by Bradford (Bradford, 1976), using BSA as standard. 

2-Dimensional gel electrophoresis 

15 2-Dimensional gel electrophoresis was performed according to 

O'Farrell (O'Farrell and Goodman, 1976) using Bio-Rad's Mini-PROTEAN II Tube 
Cell with 1 mm gels. The first dimension gel monomer solution consisted of 9.2 M 
urea, 4% acrylamide, 20% Triton X-100, 2% Bio-Rad Biolyte 3/10 ampholyte 
0.01% ammonium persulfate, 0.1% Temed. All but the last two reagents were 

20 mixed, and warmed with swirling at 45°C until dissolved. The solution was briefly 
degassed, and the final two reagents were added under gentie swirling. The 
casting tubes were filled with monomer, which was allowed to polymerize at room 
temperature. The gels where then wrapped and stored at -20°C. In a sample 
preparation, 150 mg of Schwann cell protein was mixed with an equal volume of 

25 first dimension sample buffer consisting of 9.5 M urea 20% Triton X-100, 5% 2- 
EtSH, 2% Bio-Rad Biolyte 3/10. The protein was separated in the first dimension 
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at 750 volts for 3.5 hours. For separation in the second dimension, a 10%, SDS- 
PAGE gel was cast as described (Weinstein et al, 1991). The gel from the 
separation in the first dimension was overlaid on ±e second gel and electrophoresis 
was performed at constant 70 mA. The gel was fixed for 30 min in 25% 
5 isopropanol and 10% acetic add, and stained overnight in 10% acetic acid and 
0.006% coomassie brilliant blue G250. Destaining was performed in 10% acetic 
acid. The gel was dried and photographed. Differentially expressed proteins from 
the ASCIP Schwann cells were excised and further analyzed by Mass Spectirometry. 

Mass Spectrometry 

10 The isolated protein spots were exposed to trypsin, separated on 

reversed phase HPLC and analyzed with a Finnigan electi-ospray mass spectirometer 
equipped with an iontirap. The resulting total ion current was then scanned for the 
presence of strong signals present for at least three scans. These peptide masses 
where then entered into a database (http://prospector.uscf.edu). 

15 Cloning of OPAl 

Degenerate primers were made which corresponded to the protein 
sequence deduced above. These were 5'GC(N)TC(N)GA(AG)CT(N)CT(N)GA(AG) 
3' and 5'TT(TC)AT(N)TC(N)TC(N)TC(N)GT(N)GG(N)3'. These primers were used 
to amplify a cDNA made ft-om ASCIP Schwann cells, and a -1.1 kb product was 

20 generated. The PGR condition were 94°C for 1 minute, followed by 40 cycles of 
94°C for 30 second, 54°C for 3 minutes and 72°C for 1 minute, followed by 72°C for 
5 minutes. The PGR product was the cloned using a TA cloning kit (Invitrogen), 
and sequenced. The cloned OPAl fragment was then used to screen a mouse brain 
library (Stiratagene) and a human fetal brain library (Clontech). All cloning was 

25 done as described (Weinstein et al, 1991), except the probe was generated by 
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random priming instead of nick translation. M sequencing was carried out by 
automated sequencing on an ABI 310 automated sequencer. 



Northern Blot Analysis 

In brief, primary mouse Schwann cells were plated at 10^ cells/ 100 
5 mm tissue culture dish in and cultured for 48 hours in the absence of either 
GGF or forskolin. At time = 0, the medium was replaced with fresh and either 
GGF, FK506 or the FK506 vehicle (DMSO) were added to the cultures. Forty-eight 
hours later, total RNA was harvested. In the case of embryonic mouse neural 
tissue, embryos of the appropriate gestational age were delivered by cesarean 

10 section, and ei±er the head (E9) or the brain (E 13) were harvested. In the case of 
adult mouse tissue, the animals were sacrificed by intracardiac delivery of a lethal 
dose of Avertine, the respective tissue dissected and RNA isolated. Total RNA was 
isolated from either tissue or cells as described (Chomczynski and Sacchi, 1987). 
20 micrograms of total RNA was loaded into a 1% agarose/formaldehyde gel, as 

15 described (Weinstein et al, 1991), and electrophoresed at 100 V until the dye front 
moved 2/3 of the way down the length of the gel. The gel was rinsed in 2X SSC to 
remove excess formaldehyde, and the RNA transferred overnight to a Nytran nylon 
membrane, all as described (Weinstein et al, 1991). The filter was rinsed in 2X 
SSC, the RNA uv crosslinked, and the membrane was prehybridized for a minimum 

20 of 4 hours at 42°C. 25 ng of OPAl probe was random prime labeled to a specific 
activity ^ 10' CPM/mg of DNA, denatured, and hybridized to then membrane 
overnight at 42°C. The membrane was washed at 65°C three times in 2X SSC/ 1% 
SDS and twice in 0.2X SSC/ 0.5% SDS, air dried and autoradiographed. 

Transfection of OPAl into wild-type Schwann cells 
25 Partial mouse OPAl cDNA, from an internal ATG through the stop 

codon, with the associated polyA site was cloned in frame behind the CMV 
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promoter into the pCGS plasmid, and subsequently transfected into wild-type 
mouse Schwann cells, by calcium phosphate. A neomycin drug resistance gene on 
a separate plasmid (pRSVneo) was co-transfected, all as previously described 
(Weinstein et al, 1991). The cells were grown in the neomycin analog G418, 
5 resistant clones were picked and expanded, and expression of OPAl was 
determined by RTPCR (Weinstein et al, 1995). These cells were then used to 
make monolayers for assays of neurite outgrowth, as described above. 

Results 

Identification of SCIP-expressed proteins . 

10 It has been previously demonstrated that mice expressing an NH2 

terminal truncation of the POU transcription factor ASCIP regenerate their 
peripheral nervous system (PNS) at an enhanced rate, and to a greater extent than 
wild-type animals (Gondre et ah, 1998). In addition, the ability to support axon 
outgrowth was recapitulated in vitro, on monolayers of Schwann cells isolated from 

15 the ASCIP animals, and the activity was protein-associated (Gondre et a/., 1998). 
In order to identify the protein (s) associated with this activity, a series of two- 
dimensional gel electrophoresis experiments was undertaken. As can be seen in 
Figure 1, there are spots present in the ASCIP Schwann cell extract that are not 
present in extracts from the wild-type Schwann cells. Seven of the ASCIP-unique 

20 spots were excised from the gel and subjected to trypsinization, followed by mass 
spectroscopy. The peptide masses were compared to known masses in a protein 
data base (http://prospector.uscf.edu). One of the peptide sequences was 
suggestive of having a potential role in axon outgrowth, based on a limited 
homology to a recently described protein, termed neurocrescin (Nishimune et ah, 

25 1997). 
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Generation of an hOPAl partial cDNA 

Degenerate PGR primers were synthesized corresponding to the 
peptide sequences identified by mass spectroscopy. These primers were used to 
amplify a cDNA made from cultured SGIP Schwann cells. The PGR product was 
5 cloned into the TA cloning vector, sequenced, amplified, and used to probe both 
mouse and human fetal brain cDNA libraries. Glones were picked, and taken 
through three rounds of purification. The resulting clones were then isolated, the 
cDNA inserts excised and sequenced. The primary sequence of the human clone is 
shown in Figure 2B. Blast search of this sequence demonstrates identity with an 
10 region of human chromosome 17 (clone HGIT, Genbank accession # AG004148). 

Expression Pattern of OPAl 

In order to determine the specificity of expression of the OPAl clone, 
its expression in both adult and developing tissues was determined. A survey of a 
number of adult tissues demonstrates that OPAl expression is restricted to neural 

15 tissues, as well as highly innervated tissues. OPAl is expressed in adult mouse 
spinal cord and brain, as well as at lower levels in the adult sciatic nerve. There is 
modest expression in heart and skeletal muscle, both richly innervated tissues. 
There is no expression detected in liver kidney or spleen (Figure 3). 

An analysis of OPAl in the developing GNS shows a regulated pattem 

20 of expression, with three distinct bands that change in intensity over the course of 
development (Figure 4). As early as embryonic day 9.5, the primary bands are a 
lower molecular weight doublet, and a less intense higher molecular weight band. 
By embryonic day 13, the lower bands appear as a smear of less intensity than at 
embryonic day 9.5, and the largest band has gained in intensity. At the second 

25 postnatal day, the highest band is clearly the most prominent, and the middle band 
is clearly seen, while the lowest band is indistinct. Just three days later, at 
postnatal day 5, the upper band is much less intense than at postnatal day 2, and 
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the lower bands are a faint smear. The pattern of OPAl expression at postnatal 
day 5 is very similar to that in the adult (compare to Figure 3). Whether these 
three bands represent alternatively spliced variants of OPAl, or whether they 
represent three, related genes, is still unclear. However, the changes in expression 
5 of OPAl correlate wi± major morphogenetic changes that occur over the course of 
development. These include neurogenesis at E9.5, neurogenesis and neuronal 
migration at E13, axonal outgrowth at P2, and the establishment and maintenance 
of neuronal homeostasis between P5 and adulthood. 

Expression of OPAl in wild-tvpe vs. ASCIP Schwann cells 

10 It was reasoned that because OPAl protein was identified in a 

differential screen of wild-type Schwann cells vs. ASCIP Schwann cells, one might 
be able to detect differences in mRNA expression between the two cell types, and 
that such differences in expression might be further unveiled when the cells were 
exposed to glial growth factor (GGF). Moreover, the biology of PNS regeneration 

15 has been extensively studied, while the molecular mechanisms imderlying that 
biology have remained somewhat obscure. However, it is known that Schwann 
cells are required for axonal regeneration, and that the regrowing axons express 
significant levels of GGF on their surface (as reviewed in Weinstein, 1999). 
Therefore, either wild-type or ASCIP Schwann cells were cultured either in D^°, or 

20 in supplemented with GGF. As can be seen in Figure 5a, ASCIP cells 

constitutively express OPAl mRNA, which is massively induced with 50ng/ml of 
GGF. In contrast, the wild-type Schwann cells express no OPAl at baseline, and it 
is induced to the baseline ASCIP level with the addition of 50 ng/ml of GGF. 
Notably, the upper and middle bands are expressed at approximately equivalent 

25 levels, while the lowest band is absent. A dose response curve of GGF on wild-type 
Schwann cells shows that expression of OPAl plateaus at 50 ng/ml (Figure 5b). In 
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contrast, addition of greater than 50 ng/ml of GGF to ASCIP Schwann cells inhibits 
OPAl expression (data not shown). 



The Neuroimmunophilin FK506 Upregulates GGF Expression 

It has been recently appreciated that the immunosuppressive agent 
5 FK506 also stimulates nerve regeneration (Fansa et al, 1999; Gold, 1997; Gold et 
aU 1997; Hamilton and Steiner, 1998; Steiner et al, 1997). However, while these 
workers in this area have identified a number of potential FK506 targets in nerve 
stimulating nerve regeneration, including fkbp-12 and fkbp-52 (Gold et al, 1999; 
Gold et al, 1997; Steiner et al, 1997), these data are open to a wide range of 

10 interpretation, and neither protein has been directly tied to promoting axonal 
outgrowth. It was decided to test if the neuroimmunophilin FK506 is able to 
modulate OPAl expression in cultured Schwann cells. A dose curve of the drug 
was added, dissolved in DMSO, to primary mouse Schwann cells, which were 
assayed for OPAl induction after forty-eight hours. Interestingly, there is a bell- 

15 shaped induction of OPAl by FK506, with strong induction at lOnM and maximal 
induction at lOOnM (Figure 6). However, above this dose, expression of OPAl 
precipitously falls. Importantly, the induction of OPAl with FK506 corresponds to 
the reported dosages at which FK506 has a therapeutic effect on nerve regeneration 
in animal models (Gold, 1999). 

20 Neuronal outgrowth on OPAl expressing cells 

In order to determine if cells expressing OPAl could recapitulate the 
enhanced regeneration shown by the ASCIP animals in vivo, a variety of neuronal 
types were cultured on OPAl expressing cells. Enhanced outgrowth on of DRG 
neurons on ASCIP Schwann cells has been previously shown. Here, it was asked 

25 whether a PNS-Iike cell line, PC12, as well as central neurons could be maintained, 
and elaborate axons in co-culture with OPAl expressing cells. PCI 2 cells normally 
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grow as small, rounded cells unless they are exposed to differentiating agents, such 
as NGF (Tischler and Greene, 1978). Non-differentiated PC12 cells were plated on 
OPAl expressing Schwann cells or on wild-type Schwann cells and then cultured 
for 24 hours. The cultures were fixed, and stained with TuJl, a monoclonal 
5 antibody that recognizes a neuron-specific tubulin isoform (Easter et al, 1993), 
and the extent of process outgrowth was evaluated using the MetaMorph 
morphometry program. This analysis shows that PC 12 cells extend axons that 
approach 100 mm ovemight (Figure 7a). To determine whether the outgrowth 
was the result of a previously unappreciated expression of NGF, the experiments 

10 were repeated in the presence of a neutralizing anti-NGF antibody (Sigma). No 
differences in PC12 cell axonogenesis in the presence or absence of the blocking 
antibody could be determined (data not shown). 

Following CNS injury, Schwann cells invade the CNS, where they 
often support and myelinate central axons for indefinite periods of time (as 

15 reviewed in Weinstein, 1999). To determine if Schwann cells expressing OPAl 
were able to support CNS axons in vitro, cerebellar granule cells were cultured on 
monolayers of either wild-type or OPAl expressing Schwann cells. There was a 
dramatic difference in granule cell survival in the presence of OPAl, as well as 
tremendous axonal outgrowth. Quantification of the outgrowth is shown in Figure 

20 7b, and an example of both cell survival and axonogenesis of the granule cell 
neurons can be seen in Figure 8. 
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An isolated nucleic acid encoding Opal. 



2. The isolated nucleic acid of Claim 1 comprising the nucleotide 
sequence of nucleotides 880-1680 of Figure 2A. 

3. The isolated nucleic acid of Claim 1 comprising the nucleotide 
sequence of nucleotides 880-1680 of Figure 2B. 

4. The isolated nucleic acid of Claim 1 having one or more 

mutations. 

5. The nucleic acid of Claim 4 wherein the mutations are selected 
from the group consisting of a point, insertion rearrangement or deletion mutation. 

6. An isolated nucleic acid that hybridizes under high stringency 
conditions to a nucleic acid that is complementary to the nucleotide sequence of 
Figure 2A or a contiguous fragment thereof, wherein said isolated nucleic acid 
encodes a protein having the biological activity of Opal. 

7. An isolated nucleic acid that hybridizes under high stringency 
conditions to a nucleic acid that is complementary to the nucleotide sequence of 
Figure 2B or a contiguous fragment thereof, wherein said isolated nucleic acid 
encodes a protein having the biological activity of Opal. 

8. A purified Opal protein. 
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9. A purified Opal protein encoded by the nucleic acid of Claim 



10. The purified Opal protein of Claim 9, wherein the nucleic acid 
comprises the nucleotide sequence of nucleotides 880-1680 of Figure 2A. 

11. The purified Opal protein of Claim 9, wherein the nucleic acid 
comprises the nucleotide sequence of nucleotides 880-1680 of Figure 2B. 

12. The purified Opal protein of Claim 9, wherein the nucleic acid 
hybridizes under high stringency conditions to a nucleic acid that is complementary 
to the nucleotide sequence of Figure 2A or a contiguous fragment thereof. 

13. The purified Opal protein of Claim 9, wherein the nucleic acid 
hybridizes under high stringency conditions to a nucleic acid that is complementary 
to the nucleotide sequence of Figure 2B or a contiguous fragment thereof. 



14. A vector comprising the nucleic acid of Claim 1 . 



15. The vector of Claim 14, wherein the nucleic acid comprises the 
nucleotide sequence of nucleotides 880-1680 of Figure 2A. 

16. The vector of Claim 14, wherein the nucleic acid comprises the 
nucleotide sequence of nucleotides 880-1680 of Figure 2B. 



17. The vector of Claim 14, wherein the nucleic acid hybridizes 
under high stringency conditions to a nucleic acid that is complementary to the 
nucleotide sequence of Figure 2A or a contiguous fragment thereof 
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18. The vector of Claim 14, wherein the nucleic acid hybridizes 
under high stringency conditions to a nucleic acid that is complementary to the 
nucleotide sequence of Figure 2B or a contiguous fragment thereof. 

19. A host cell comprising the vector of Claim 14. 

20. The host cell of Claim 19, wherein the nucleic acid comprises 
the nucleotide sequence of nucleotides 880-1680 of Figure 2A. 

21. The host cell of Claim 19, wherein the nucleic acid comprises 
the nucleotide sequence of nucleotides 880-1680 of Figure 2B. 

22. The host cell of Claim 19, wherein the nucleic acid hybridizes 
under high stringency conditions to a nucleic acid that is complementary to the 
nucleotide sequence of Figure 2A or a contiguous fragment thereof. 

23. The host cell of Claim 19, wherein the nucleic acid hybridizes 
under high stringency conditions to a nucleic acid that is complementary to the 
nucleotide sequence of Figure 2B or a contiguous fragment thereof. 

24. A method of making Opal protein comprising the steps of: 

a) introducing nucleic acid encoding Opal into a host cell; 

b) maintaining said host cell under conditions whereby said 

nucleic acid is expressed to produce Opal protein; and 

c) recovering said Opal protein. 
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25. A method of inducing growth or regeneration of nervous tissue 
comprising administering an effective amount of Opal protein to said tissue to 
induce growth or regeneration of the nervous tissue. 

26. A method of inducing growth or regeneration of nervous tissue 
comprising administering a nucleic acid encoding Opal protein to said tissue in 
effective amounts to induce growth or regeneration of the nervous tissue. 

27. A method of inducing growth or regeneration of nervous tissue 
comprising contacting said tissue with an effective amount of host cells expressing 
Opal to induce growth or regeneration of the nervous tissue. 

28. A glial cell transduced with a vector, said vector comprising 
and expressing a nucleic acid encoding Opal protein, wherein the transduced cell 
provides biologically active Opal protein. 

29. A composition comprising Opal and a carrier. 

30. A method for inducing growth or regeneration of nervous 
tissue comprising contacting the nervous tissue with a modulator of Opal 
expression in an amount effective to induce or enhance expression of Opal and 
induce growth or regeneration of the nervous tissue. 

31. A method for providing biologically active Opal to the cell of 
an individual in need of nervous tissue growth or regeneration, comprising: 

(a) isolating autologous host cells from the individual in need of 
nervous tissue growth or regeneration; 
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(b) transducing the isolated host cells with an expression vector 
that contains and expresses the nucleic acid encoding Opal; and 

(c) transplanting the transduced autologous host cells into the 
individual in need of nervous tissue growth or regeneration so as to provide to the 
individual biologically active Opal. 

32. A method for evaluating an agent that may induce nervous 
tissue growth or regeneration, comprising the steps of: 

(a) contacting a candidate agent with nervous tissue; and 

(b) detecting the level of Opal expressed in the nervous tissue, 
wherein an increased level of Opal expression may be indicative of the agent being 
a nervous tissue growth or regeneration inducer. 
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NOVEL GROWTH FACTOR OPAl AND USES THEREOF 
Abstract of the Invention 

The present invention discloses nucleic acids encoding a novel growth 
factor Opal, which promotes the regeneration of nervous tissue. Also disclosed are 
nucleic acids that hybridize to the complementary sequences of nucleic acids 
encoding Opal, and vectors comprising said nucleic acids. In addition, the present 
invention also provides a purified Opal protein and methods of using the same. 
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Comparison of Wild-type and ASCIP 
Schwann Cell Protein Expression 




Figure 1 



ttgagactggttgcataacagcagggtacctgaaagagccttctgggagttagtgaacta 60 
ttgagactggttgcataacagcagggtacctgaaagagccttctgggagttagtgaacta 

ggtagattgttttgttcacataacgccaccatcaacttaaagtgaattgtctttgttata 120 
ggtagattgttttgttcacataacgccaccatcaacttaaagtgaattgtctttgttata 

aatgaggtcactatggacttaccctaaagatcttctgtacttctgtcttccataggacaa 180 
aatgaggtcactatggacttaccctaaagatcttctgtacttctgtcttccataggacaa 

atgataagtactacatacctcatctcttgggttattattgtagtcttgcattcatggtta 240 
atgataagtactacatacctcatctcttgggttattattgtagtcttgcattcatggtta 

tgaatttaaaaataaataccaattatggaaatagtactaaaggcttgccgcacatgaaac 300 
tgaatttaaaaataaataccaattatggaaatagtactaaaggcttgccgcacatgaaac 

attattttaattggtttaaagtccctttataaagagtgctacatggtttagataaaggaa 360 
attattttaattggtttaaagtccctttataaagagtgctacatggtttagataaaggaa 

acatataactattgagttacaggggattttattaattataaaatgcaatcaatttaaatt 420 
acatataactattgagttacaggggattttattaattataaaatgcaatcaatttaaatt 

acgtaggtttaagactagtcccttggataagccccaagcgaatttgtcttcagattatta 480 
acgtaggtttaagactagtcccttggataagccccaagcgaatttgtcttcagattatta 

Figure 2 
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2A aaattagtgctgtaaatcagggtgggcaattcacagcctttctgaactgactgaactaga 540 

2B aaattagtgctgtaaatcagggtgggcaattcacagcctttctgaactgactgaactaga 

2A gcttgcagtgaagtgttctgctgagactgagcaccttacagatatttttctccagaagat 600 

2B gcttgcagtgaagtgttctgctgagactgagcaccttacagatatttttctccagaagat 

2A ggtgctgggtaataaaatcatcacaattagggaatggttagtggtctctactgtggcaaa 660 

2B ggtgctgggtaataaaatcatcacaattagggaatggttagtggtctctactgtggcaaa 

2A tgccaactgttggaattcactttattgtagaaaaacccaaactgagactcttaagttttg 720 

2B tgccaactgttggaattcactttattgtagaaaaacccaaactgagactcttaagttttg 

2A tttagcaatgtgtttctggtatgaaacaaactactgtgtcactgtccaggtaggaaacaa 780 

2B tttagcaatgtgtttctggtatgaaacaaactactgtgtcactgtccaggtaggaaacaa 

2A ttctttcaactgggttttcagcataaatgggaactgatgtagaaggcaggatttagccct 840 

2B ttctttcaactgggttttcagcataaatgggaactgatgtagaaggcaggatttagccct 

2A tctaggcaaaagaaaagctcagttgggtttcacgagtgttcctgtgcttatattcagtct 900 

2B tctaggcaaaagaaaagctcagttgggtttcacgagtgttcctgtgcttatattcagtct 

2A gtgcctacatgttctcatgcatgtctaacctgatttacctcttacctgtaacctacctta 960 

2B gtgcctacatgttctcatgcatgtctaacctgatttacctcttacctgtaacctacctta 

2A tcatgtggcttttaattgacagtcactcagccatttctaagcagatatagtagtaccttt 1020 

2B tcatgtggcttttaattgacagtcactcagccatttctaagcagatatagtagtaccttt 

Figure 2 cont. 
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2A cagaactcacattggcaagtgtaaaaagatgacttaaggtgaagtgaggacaaaatcaca 1080 

2B cagaactcacattggcaagtgtaaaaagatgacttaaggtgaagtgaggacaaaatcaca 

2 A ttctgcatactaacctannnnnnnctccctttaaggtgctaaacttgcacctcatgtcca 1 140 

2B ttctgcatactaacctatttttttctccctttaaggtgctaaacttgcacctcatgtcca 

2A ctcagtaacaagtattgggacgtagagcacagcctcactcagctctgaaaggtaatacag 1200 

2B ctcagtaacaagtattgggacgtagagcacagcctcactcagctctgaaaggtaatacag 

2A cttgtgaggaagtgagccagcagtggcctttgcaattgtggatcttgagctctgctctca 1260 

2B cttgtgaggaagtgagccagcagtggcctttgcaattgtggatcttgagctctgctctca 

2A gcagatttcaggtgtaaccatttgttaactgtactgaaggtgtgtcctcaagaagaaagt 1320 

2B gcagatttcaggtgtaaccatttgttaactgtactgaaggtgtgtcctcaagaagaaagt 

2A gttcaaattaaaaaagctgctgccaagtacactgtgtggtcttctcctttgaatcctagg 1380 

2B gttcaaattaaaaaagctgctgccaagtacactgtgtggtcttctcctttgaatcctagg 

2A gttctatccctcttcagagtcatgtttctggtgctgctactttaaaacacagctcacaag 1440 

2B gttctatccctcttcagagtcatgtttctggtgctgctactttaaaacacagctcacaag 

2A aataactaacttgctcaaatatggagaaaactcaatagggttcagggaggttctggcagt 1500 

2B aataactaacttgctcaaatatggagaaaactcaatagggttcagggaggttctggcagt 

Figure 2 cont. 
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2 A gtgcagtgtgaaataatcctgagtccttgctgaacacaactgtaggcttgagttataaag 1560 

2B gtgcagtgtgaaataatcctgagtccttgctgaacacaactgtaggcttgagttataaag 

2A cacattccaaattttaaataaaagcatttactcaattattataaaacaacatatttaaaa 1 620 

2B cacattccaaattttaaataaaagcatttactcaattattataaaacaacatatttaaaa 

2A agatgaaccacaccaaaggtcatcaaaacacctttttataaattagataattctacctgt 1 680 

2B agatgaaccacaccaaaggtcatcaaaacacctttttataaattagataattctacctgt 

Figure 2 cont. 
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OPAl Expression in 
the Developing CNS 
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OPAl Induction 
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PC12 Cell Outgrowth 
on Schwann Cell Monolayers 




Figure 7A 



Cerebellar Granule Cell Outgrowth 
on Schwann Cell Monolayers 




Figure 7B 



